ABSTRACT Summer diapause of the tobacco budworm, Heliothis vlrescens (F.), is a period of extended duration of the pupal stage, particularly of males, initiated by high temperature. In summer insectary studies, up to 95% of the male pupae exhibited delayed development. The number entering summer diapause was associated with high temperatures before pupation. Almost all pupae that had entered summer diapause over a period of several months emerged during the last part of September and the first part of October. In laboratory studies, high fluctuating temperatures caused the highest percentage of individuals to enter summer diapause. An analysis of variance showed that the effect of temperature was much greater than photoperiod, but with a significant interaction between these two factors. A daily 8-h exposure at 43°C caused an average of 95.6% of males to diapause and 58.7% of females. Summer diapause only occurred when the maximum temperature exceeded 32°C. When exposed to a fluctuating temperature of 23.9 to 40.6"C for all of the larval stage, all male pupae diapaused, while only 50% of the females entered summer diapause. When exposed for just the week before pupation, from 63 to 85% of the males diapaused compared to 15 to 50% of the females. Exposure of pupae 2 days after pupation still caused 24% of males to diapause (1% females) and 3 to 4 days after pupation, 8 to 9% to diapause (1-5% of females). Averaged across all photoperiods and temperatures, 61% of the males entered summer diapause, compared to 26.7% of the females. The substantial number of inviable eggs produced by females mated to males from pupae that did not enter summer diapause when exposed to high temperatures, compared to the low number of inviable eggs produced by females mated to males from pupae that did enter summer diapause, signifies the survival advantage of a physiological condition such as summer diapause.
DIAPAUSE occurs in the tobacco budworm, HeZiothis virescens (F.) , pupal stage and is initiated in the fall, the major regulatory factors being photoperiod, temperature, and food (Phillips and Newsom 1966 , Benschoter 1968 , Fye and Carranza 1973 , Fye 1979 .
Summer diapause may be defined as diapause induced before the height of summer, which then is terminated and followed by reproductive, developmental, or feeding activities in autumn or winter (Masaki 1980) . It is almost the opposite of winter diapause in its relation to photoperiodic and thermal conditions. Long photoperiod and high temperature tend to induce or maintain summer diapause, whereas short photoperiod and low temperature induce winter diapause. In the Sudan Ge--Lira, after more than 2 months in diapause at low temperature, some H. armigera (Hubner) pupae remained in diapause for more than 2 months after transfer to high temperatures and only commenced developing when the temperature was lowered. This may provide a mechanism to bridge the hot, dry season and to synchronize emergence with the start of the rainy season (Hackett and Gatehouse 1982) .
A similar delay in emergence of tobacco budworm was first noted in the USDA insectary at Phoenix, Ariz., during the summer of 1974. This paper presents evidence of summer diapause of H . virescens in insectary studies, and the effect of various factors on the initiation of summer diapause.
Materials and Methods
The experiments reported here were conducted at Phoenix, Ariz., from 1976 Ariz., from to 1978 Ariz., from and in 1983 H. virescens eggs were received from the Western Cotton Research Laboratory, Phoenix, Ariz., and Cotton Insect Laboratory, Brownsville, Tex., rearing facilities, or were obtained from moths collected in the field at Phoenix. Insectary. First-instar larvae were placed weekly or at biweekly intervals in 22.5-m1 cups containing ca. 14 ml of alfalfa meal medium modified from a diet reported by Henneberry and Kishaba (1966) . The insects (ca. 500) were taken to an outdoor insectary at weekly intervals during 1976 and 1977, when available. The dates of pupation and of adult emergence were recorded for each indi-
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Laboratory. In 1977, the effect of temperature and photoperiod on initiating summer diapause was evaluated in four cabinets at 26.7"C and raised to a peak of 43°C for either 2, 4, 6, or 8 h each day during the middle of each photoperiod. Each cabinet contained boxes with 11-, 12-, 13-, and 14-h light periods, for a total of 16 treatments. Each box had 300 larvae. Diapause in relation to time of pupation was estimated by experimentation in 1977 and 1978. Larvae reared from eggs deposited by field-collected moths were used in both experiments. In 1977, first-instar larvae were held at 21.4 to 38.9"C daily fluctuating temperatures and 12-h light period. At daily intervals, ca. 100 larvae were transferred to a cabinet with temperatures fluctuating between 16.1 and 30.6"C. In 1978, first-instar larvae were held at 21.1"C and 14-h light period. At daily intervals, ca. 100 larvae were transferred to a cabinet in which the temperature fluctuated from 23.9 to 40.6"C with a 12-h light period. In both years, the insects were examined daily and the dates of pupation noted. After the normal period plus 2-fold the SD for adult emergence, the number of pupae in diapause was recorded in relation to the number of days before or after pupation when the temperature change had been made. The increment of degree-days ( O D ) > 32°C was calculated in 2-h increments accumulating the difference between the temperature for each 2 h and the diapause threshold (32"C), adjusting for the 2-h time step.
In addition to the experiments on diapause initiation in relation to temperature and photoperiod, studies also were conducted in 1983 to evaluate the mating success and fecundity of H. virescens reared at various temperature regimes. Male H . virescens moths from heat-induced diapause pu- pae and nondiapause male and female moths, reared from larvae/pupae maintained under fluctuating temperatures of 23.9 to 40.6"C, were crossed with control moths reared from larvae maintained at a constant 26.7"C. Moths (three pairs per container with eight replications) were held at 26.7"C in oviposition containers and supplied with 10% sucrose solution for food. Numbers of eggs deposited were counted and numbers unhatched, counted after 4 days. Subsequently, all female moths were dissected and examined for the presence of spermatophores. Data were subjected to an analysis of variance and the means separated according to Duncan (1955) .
Results and Discussion
Insectary. Based on daily insectary temperatures and development rates from Butler and Hamilton (1976) and Butler et al. (1979) , a 99% confidence interval was calculated for the duration of the pupal stage each week and compared with that observed during the summers of 1976 and 1977. The percentage of males in summer diapause from the weeks of 8 May to 21 August varied from 0 to 95% during 1976 and from 0 to 98% during 1977, while that of females varied from 0 to 83% in 1976 and from 0 to only 37% in 1977 (Table 1 ). The first week of July 1976 and 1977. and the second week of August 1977 had some of the highest temperatures of the summer (40-43.8"C). At these times, larvae in the 19 June and 24 July series were pupating and during these periods the highest incidence of diapause was observed each year. The normal duration of the pupal period during the summer was 10 to 15 days. Almost all pupae entering summer diapause over JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 78, no. 2 Within a single factor or interaction, numbers followed by the same letter are not significantly different (P < 0.05; Duncan's [1955] fl S, Sex; T, temperature.
multiple range test).
a period of several months emerged during the last part of September and the first part of October. A few pupae in summer diapause remained in diapause until the following spring. Laboratory. Summer diapause was never observed when the maximum temperature remained below 32°C. Fig. 1 shows the relationship between the number of "D per day above 32"C, and the proportion of pupae entering summer diapause (ignoring photoperiod) for the 1977 data set. A marked difference was apparent between the sexes, males being more likely to enter summer diapause (maximum of 95%) compared with females (83%). Table 2 shows the effect of temperature and photoperiod on summer diapause induction. Analyses of variance of ( . + 1)-transformed percentage data showed a significant effect of temperature, photoperiod, and sex on the incidence of summer diapause; and a significant interaction between temperature and photoperiod and between temperature and sex. (Fig. 2) . The temperature/sex interaction was significant at all temperatures but was greatest at the intermediate temperatures.
The developmental stage most sensitive to initiation of summer diapause was estimated by daily transfer of cohorts of ca. 100 larvae of H . virescens of increasing age from a normal temperature to a high temperature and vice versa. Fig. 3 indicates that almost all male pupae entered summer diapause when transferred as larvae to the 23.9 to The effect of age and temperature on the percentage of H . virescens entering summer diapause.
40.6"C fluctuating temperature regime 14 to 8 days before pupation, and then the percentage decreased until 5 days after pupation, at which time no summer diapause occurred.
The regression function for males was highly significant (P < 0.05) with 79% of the variation 
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When the reverse experiment was performed (sexes not separated), transferring cohorts of H . virescens larvae from high (21.7-38.9"C) to a normal (16.1-30.0"C) fluctuating temperature regime, we found that earlier than 5 days before pupation the induction of summer diapause was completely reversible. Equation 3 presents the linear regression of the straight-line segment of these data.
[31 Extremely high temperatures such as those encountered in the lower deserts of Arizona and California are not conducive to the survival of many Means in table are of six to eight replications, three to five moth pairs per replication. Means within an experiment in the same column followed by the same letter are not significantly different ( P < 0.05; Duncan's [1955] multiple range test).
" Experiment 1: H. H. oirescens second to last-instar larvae and pupae exposed to fluctuating temperatures from 26.7 to 42.8"C. Experiment 2: H, H. oirescens third to last-instar larvae and pupae exposed to fluctuating temperatures from 23.9 to 40.6"c. U, in both experiments, H. uirescens larvae and pupae reared at constant temperature of 26.7"C.
insect species. The literature is replete with results of growth chamber experiments showing increased insect mortality as temperatures exceed 32°C. In the case of H . virescens, high-temperature-induced diapause may be a survival mechanism because fecundity and egg viability of control female moths mated to male moths from pupae whose diapause was induced by high temperature were not significantly different from fecundity and egg viability of control moth pairs (Table 3) . In contrast, only 2% of the eggs laid by control female moths were viable after mating with male moths from nondiapause pupae exposed to fluctuating temperatures of 26.7 to 42.8"C. Similar results occurred with treated moth pairs. The fecundity and viability of eggs from female moths from nondiapause pupae exposed in the larval/pupal stages to high temperature were not similarly affected. However, the frequency of mating of the female moths was reduced.
Insectary studies at Phoenix, Ariz., during the summer of 1977 show that up to 95% of the males of insectary-reared tobacco budworms may enter summer diapause. In laboratory studies, high temperatures caused the majority of the males to enter summer diapause. Photoperiod had a significant ( P < 0.05) but small effect on summer diapause. control female moths produced a greater proportion of viable eggs when mated to male moths from summer-diapausing pupae compared with those males not entering summer diapause. The fitness value of diapause during periods of high temperature for male insects appears more important than for females, since females are less sensitive to heat-induced sterility as shown in the present study which corroborates the results of Guerra (1972) . a Larvae developing during the spring on desert vegetation and on agricultural crops often are subjected to increasingly hot and dry conditions, especially during the process of pupation in the soil. Such conditions often precede ever harsher weather and probably serve as a cue for entry into summer diapause. If the temperatures have been high and the number of diapausing insects has been significant during the late spring and summer, adult populations of tobacco budworms may be relatively small during August. However, in late September and early October, large populations of tobacco budworm adults often appear and, judging from our results, we presume them to be from summer-diapausing pupae.
